INTRODUCTION

ABSTRACT
The interactions of b2 glycoprotein I (B2GPI) with the receptors of the low-density lipoprotein receptor (LDLR) family are implicated in the clearance of negatively charged phospholipids and apoptotic cells and, in the presence of autoimmune anti-B2GPI antibodies, in cell activation, which might play a role in the pathology of antiphospholipid syndrome (APS). The ligandbinding domains of the lipoprotein receptors consist of multiple homologous LA modules connected by flexible linkers. In this study, we investigated at the atomic level the features of the LA modules required for binding to B2GPI. To compare the binding interface in B2GPI/LA complex to that observed in the high-resolution cocrystal structure of the receptor associated protein (RAP) with a pair of LA modules 3 and 4 from the LDLR, we used LA4 in our studies. Using solution NMR spectroscopy, we found that LA4 interacts with B2GPI and the binding site for B2GPI on the 15 Nlabeled LA4 is formed by the calcium coordinating residues of the LA module. We built a model for the complex between domain V of B2GPI (B2GPI-DV) and LA4 without introducing any experimentally derived constraints into the docking procedure. Our model, which is in the agreement with the NMR data, suggests that the binding interface of B2GPI for the lipoprotein receptors is centered at three lysine residues of B2GPI-DV, Lys 308, Lys 282, and Lys317.
The lipoprotein receptors interact with their ligands through the structurally homologous LA modules, which are arranged in sequence to form a ligand-binding domain. 14,17 Although the primary sequences of different LA modules vary, all LA modules share common features. Each LA module requires a calcium ion for proper folding and to maintain the structural integrity of the module. 18, 19 In the presence of calcium, the LA modules, which are about 40 residues each, have similar fold determined by three disulfide bonds, six calcium coordinating residues and a conserved hydrophobic core. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Studies that employed deletion mutants of B2GPI localized the binding site for the lipoprotein receptors to domain V of B2GPI (B2GPI-DV). 8, 15 Four N-terminal domains of B2GPI have similar folds with a characteristic antiparallel b strand and two intradomain disulfide bonds. 33, 34 The fifth domain at the C-terminus of B2GPI belongs to a similar class, but has an inserted long loop and an additional disulfide bond. B2GPI-DV has an unusually large number of lysine residues, which constitute about 15% of its primary sequence.
Like B2GPI, the receptor associated protein (RAP) interacts with all receptors of the LDLR family. Moreover, RAP interfered with the binding of B2GPI to the lipoprotein receptors. 2,4,15 A high-resolution crystal structure of a complex between RAP and a pair of LA modules, LA3-4, from the LDLR revealed that electrostatic interactions play a major role in the binding of RAP by the LA3-4 modules. 24 As electrostatic interaction likely governs the binding of B2GPI by the lipoprotein receptors, we sought to determine whether the same residues that form the ligandbinding pocket on the LA modules in the crystal structure of the RAP/LA3-4 complex also interact with B2GPI. The comparison of the LA complexes with RAP and B2GPI will help to understand if the recognition mechanism observed in the RAP/LA3-4 structure is applicable to the B2GPI complexes with the lipoprotein receptors.
To directly compare the contact site on the LA module for B2GPI with that observed in the RAP/LA3-4 crystal structure, we used LA4 from the LDLR in our studies. We mapped the binding interface for B2GPI onto LA4 using solution NMR spectroscopy. In this study, we have demonstrated that the binding site for B2GPI on LA4 is formed by the calcium coordinating residues of LA4. The same residues form the binding pocket for RAP in the RAP/LA3-4 complex. Because it has been established that the domain V of B2GPI contains the binding site for the lipoprotein receptors, 8,15 we built a model for the complex between B2GPI-DV and LA4 starting from the structures of B2GPI-DV and LA4 available in the PDB database. The docking model of the complex was calculated by the program PIPER without introducing any experimentally derived constraints into the docking protocol. Our model of the B2GPI-DV/LA4 complex is in agreement with the measured NMR data and suggests that the binding interface of B2GPI-DV for the lipoprotein receptors is centered at three lysine residues, Lys308, Lys282, and Lys317.
METHODS
Proteins
B2GPI was purchased from Hematologic Technologies, Inc. The purity of B2GPI was assessed by SDS-PAGE. The LA4 gene fragment of the LDLR encoding residues 126-165 was expressed in E.coli and purified from the inclusion bodies using a previously published protocol. 18 For NMR spectroscopy, the LA4 samples uniformly labeled with 13 C and/or 15 N were produced by growth in M9 minimal media supplemented with 13 C 6 -D-glucose and/or 15 N-ammonium chloride, respectively.
NMR spectroscopy
All NMR experiments were conducted on a Varian Inova 500-MHz spectrometer equipped with four RF channels and a triple-resonance probe with pulsed-field gradients. Spectra were acquired at 298 K using BioPack (Varian Inc.) pulse sequences and processed with GIFA v4.3 software. 35 Backbone 1 H, 13 C, and
15
N resonance assignments were carried out by analyzing HNCA, NHCOCA, HNCACB and HNCOCACB spectra. For spectral assignment, the NMR sample contained 0.9 mM 13 C, 15 N-labeled LA4 in 90% H 2 O/10%D 2 O, 10 mM bis-Tris buffer, pH 7.1, and 10 mM CaCl 2 . Chemical shifts were referenced to 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) used as an internal reference. 36 To prepare a 100 lM stock solution, B2GPI (Hematologic Technologies, Inc.) was dialyzed in 50 mM bis-Tris buffer, pH 7.0, 50 mM NaCl, and 2 mM CaCl 2 , and concentrated. The concentrated B2GPI showed a single band about 54 kDa on SDS-PAGE under reducing conditions. The concentration was estimated using the extinction coefficient E 280 5 10.0 for a 1% solution.
In We generated the molecular models of the complex using the docking program PIPER which performs global sampling of the discrete 6D space of relative orientations of two rigid protein molecules. 37 PIPER is freely available to academic researchers as stand-alone code or as a web server (http://cluspro.bu.edu). The docking algorithm was extensively validated at the Critical Assessment of Prediction of Interactions (CAPRI) competitions. 38, 39 The starting model of the fifth domain of B2GPI (residues from 245 to 326) was extracted from the crystal structure of the full-length protein (PDB accession code 1c1z). The coordinates of LA4 (residues from 126 to 163) were taken from the X-ray structure of the RAP/ LA3-4 complex (PDB accession code 2fcw). A calcium ion was explicitly included in the docking as part of the LA4 structure. The larger protein (B2GPI-DV) was centered at the coordinate origin, and rotations and translations of the smaller (LA4) were deterministically discretized. For the scoring function, we used a standard weighting scheme implemented in ''Van der Waals plus electrostatics'' option on the PIPER web server (http:// cluspro.bu.edu). Initially, 70,000 docking models were calculated and 1000 with the lowest score were retained. The calculated structures were clustered using a 9 Å cutoff pairwise RMSD for the backbone atoms in the interface of the complex. The central structure of the most populated cluster was minimized using the CHARMM program. 40 Structures were visualized using PyMOL. 41 The intermolecular contact area was calculated with the AREAIMOL program which is part of the CCP4 program suite. 42 Molecular dynamics (MD) simulation was performed using CHARMM 40 in the presence of explicit water. The complex was surrounded by the 13,134 TIP3 water molecules and the simulation was performed using cubic box with the periodic boundary conditions. The length of the MD simulation was 1 ns with a 2 fs integration step and each 100th step saved as a trajectory frame. The system was heated to 298 K during the first 20 ps of dynamics and equilibrated during the following 480 ps. The equilibration step was followed by 500 ps production run performed at a constant temperature of 298 K and pressure of 1 atm. The last 500 ps (2,50,000 steps or 2500 frames) of dynamics were analyzed and clustered. HNCA, HNCOCA, and HNCACB, HNCOCACB. Thirty one out of 40 backbone resonances are clearly visible on the spectra. The missing resonances include four proline residues Pro 129, 141, 150, and 160, Glu 153 and the stretch of residues at the N-terminus of the LA4, Thr 126, Cys 127, Gly 128, and Ala 130. Our previous studies of the relaxation properties of the modules LA5 and LA6 from the LDLR showed that the residues preceding the first cysteine of the LA modules are flexible and may be missing from the spectra. 43 It is likely that the proline residue, Pro 129, at the N-terminus of LA4 undergoes conformational exchange between the trans and cis isomers. The exchange between multiple conformations results in broadening and disappearance from the spectra of the resonances for the neighboring residues. The assigned 1 H-15 N correlation spectrum of LA4 is presented on Figure 1 . Two resonances corresponding to tryptophan sidechains are not assigned to the primary sequence of LA4 and labeled eTrp on the spectra. Small aliquots of the stock solution of B2GPI were added to 15 N-LA4 in increments such that the maximum dilution of 15 N-LA4 corresponding to the last titration point was about 11%. The spectra were acquired with the same number of scans, processed in the same fashion and scaled for plotting taking into account the dilution factor [ Fig. 1(A-D) ]. The comparison of the 1 H-15 N correlation spectra of LA4 in the presence of increasing amounts of B2GPI shows that the majority of peaks corresponding to backbone resonances of LA4 gradually disappear from the spectra.
Interactions between a large protein and a smaller peptide are usually assessed by the decrease in the intensity of the NMR peaks of the observed smaller peptide. 44 The molecular mass of unbound 15 2 ). Previous studies have shown that the binding affinity of a chimeric dimer of B2GPI to the LDLR is about 341 AE 54 nM, 15 suggesting that a monomeric B2GPI binds a single LA module from the ligand-binding domain of the LDLR with even lower affinity. A low affinity binding manifests itself as fast exchange between free and bound states on the NMR timescale. In the case of fast exchange, the titration spectrum has only one set of peaks for each observed nucleus. If the nucleus is affected by complex formation, its chemical shift moves on the spectrum proportionally to the fraction of bound molecules in solution. The observed shift of the backbone resonances on the titration spectra of LA4 suggests that the chemical environment of the backbone amides of Gln142, Ala145, Asp147, Asp149, Asp157, and one of tryptophan sidechains change when the complex is formed (see Fig. 2 ). The second cross-peak corresponding to the sidechain of a tryptophan residue does not move on the spectrum, suggesting that this residue is far from the contact interface. For comparison, in the crystal structure of the RAP/ LA3-4 complex the sidechains of Asp147, Asp149, Asp151, and Trp144 form the binding site for RAP on LA4. 24 The two peaks corresponding to residues at the C-terminus of LA4 immediately after the last cysteine, Arg164 and Gly165, change neither their chemical shifts nor intensity upon titration with B2GPI, strongly suggesting that the C-terminus of LA4 is distant from B2GPI and remains flexible in the B2GPI/LA4 complex.
N-R2 relaxation data analysis
Comparison of the titration spectra shows that the intensity of the backbone resonances does not decrease uniformly upon titration. Instead, some peaks disappear faster from the spectra and are already beyond detection for the sample containing 1:0.25 molar ratio of 15 N-LA4 to B2GPI, indicating that the R2 relaxation rates for these nuclei are higher than average [ Fig. 2(A-D) ]. The values of transverse relaxation rate R2 are higher for residues that undergo chemical or conformational exchange. The residues that exhibit increased R2 relaxation rate only in the presence of B2GPI are likely in the vicinity of the binding interface in the B2GPI/LA4 complex.
We compared the R2 relaxation rates for the backbone amides of 15 N-LA4 in the absence and presence of B2GPI. The average value of R2 for the backbone amides of 15 N-LA4 is 19.1 AE 1.7 (1/s) and 7.3 AE 2.6 (1/s) in the presence and absence of B2GPI, respectively [ Fig.  3(A,B) ]. The average value of R2 is larger in the presence of B2GPI indicating that B2GPI interacts with LA4. The average value of R2 for the backbone amides of free 15 N-LA4 is in agreement with previously published data for the LA5 and LA6 modules from the LDLR, which are similar in size and three dimensional structure to LA4. 43 In the absence of B2GPI, the three residues of 15 N-LA4, Cys134, Asp135, and Gln161, have R2 values that are more than 1.5* STD (standard deviation) above average [ Fig. 3(A) ]. In the presence of B2GPI, the backbone amides of several other residues in addition to Cys134, Asp135, and Gln161 have values of the R2 relaxation rates more than 1.5*STD above average. These are Cys139, Ile140, Leu143, Asp147, Asp149, Asp151, and Gly155. Of these residues, Leu143, Asp147, Asp149, and Gly155 are affected the most by the presence of B2GPI since the measured values of R2 for these backbone amides are below average in the absence of B2GPI [ Fig.  3(A,B) ]. Leu143, Asp147, and Asp149 are clustered on one side of the LA4 structure in the vicinity of the calcium-binding site [ Fig. 3(C) ]. Gly155 is in the proximity to calcium-coordinating Asp157, which could explain an increased susceptibility of its R2 value to the presence of B2GPI. In the RAP/LA3-4 structure, Asp147 and Asp149 are the residues that form the lysine-binding pocket in the RAP/LA3-4 complex and Leu143 precedes Trp144 whose sidechain packs against the aliphatic portion of lysine from RAP in the RAP/LA3-4 structure [ Fig. 3(C) ].
We also measured the R2 relaxation rates for two tryptophan sidechains of LA4 [ Fig. 3(A,B) ]. In the absence of B2GPI, the values of R2 for these sidechains are well below average, reflecting the general difference in the internal dynamics between the backbone and sidechains. In the presence of B2GPI, the measured R2 remains below average for one of these sidechains. The R2 value measured for the other sidechain approaches the average R2 of the backbone, suggesting that the internal dynamics of this sidechain is restricted in the presence of B2GPI [ Fig. 3(B) , marked by asterisks]. Interestingly, the cross-peak corresponding to this sidechain also moves on the spectra in the NMR titration experiments (see Fig. 2 ), strongly supporting our conclusion that this tryptophan sidechain is in the binding interface in the B2GPI/LA4 complex and the other tryptophan sidechain is far from the interface.
Model of the B2GPI/LA4 complex
B2GPI interacts with the lipoprotein receptors through its fifth domain. 8, 15 We modeled the complex between domain V from B2GPI and the LA4 module using the docking program PIPER and the standard ''shape plus electrostatics'' weighting scheme. 37 Structures with the lowest scores were clustered using a 9 Å cut-off pairwise RMSD for the backbone atoms in the interface of the complex. The most populated cluster contained 297 structures out of the 1000 low-energy conformations used for clustering. The second and third clusters contained only 158 and 123 structures, respectively, strongly suggesting that the first cluster represents the correct solution. In all three clusters, the binding sites on LA4 are formed by the same residues. The first and the second clusters of structures have identical binding sites on both B2GPI-DV and LA4 but have the LA4 modules whose relative orientation differs by about 1808. Overall, of the structures comprising the three most populated clusters, 100% have the same binding site on LA4 and 79% have the same binding site on B2GPI-DV.
The central structure of the most populated cluster minimized with CHARMM is shown in Figure 4(A) . The possible flexibility of the docking model was assessed by the molecular dynamics simulation in the presence of explicit water. The majority of the structures in the trajectory of the MD simulation are below 2.5 Å RMSD from the refined minimized structure calculated over the Ca atoms, indicating that the minimized model of the complex is stable (data not shown).
Structural details of the B2GPI-DV/LA4 complex
The binding interface in the B2GPI-DV/LA4 complex is dominated by electrostatic interactions [Fig. 4(B) ]. In the complex, LA4 is docked into the cleft formed on B2GPI-DV by the C-terminal flexible loop and by the bhairpin. This region of B2GPI-DV contains surfaceexposed lysines, Lys282, Lys284, Lys308, and Lys317, creating a positive surface potential on B2GPI-DV. The complementary charged surface on LA4 is composed predominantly by the sidechains of the calcium coordinating residues. The intermolecular contact area in the complex is 392 Å , 2 which is comparable with the contact areas between the helixes of RAP and each of the LA modules in the RAP/LA3-4 complex. The carboxylate oxygen atoms of Asp147, Asp149, and Asp151 encircle the eamino group Lys308 forming a tripartite salt bridge [ Fig.  4(A) ]. Additional salt bridges stabilize the interactions between Lys308 and the acidic pocket on LA4. In particular, the e-amino group of Lys282 forms hydrogen bonds with both carboxylate oxygens of the Asp149 sidechain, and Lys317 interacts with the sidechain of Asp151.
DISCUSSION
B2GPI interacts with the lipoprotein receptors that are expressed by many cells and tissues. 15 These interactions support clearance of B2GPI and B2GPI-associated negatively charged particles and apoptotic cells and, in the presence of the autoimmune anti-B2GPI antibodies, promote cell activation. 2-8 The binding of B2GPI to the lipoprotein receptors is inhibited by the receptor-associated protein RAP. 2, 15 Using solution NMR spectroscopy, we have investigated whether the same residues that form the binding pocket for RAP in the RAP/LA3-4 complex are in the contact interface with B2GPI. By monitoring changes in the chemical shifts and the relaxation properties of 15 N-labeled LA4 in response to complex formation, we have shown that the same residues of LA4 interact with B2GPI and RAP. Specifically, the NMR titration studies of 15 N-labeled LA4 with a full-length B2GPI revealed that the chemical shifts of the backbone amides of Gln142, Ala145, Asp147, Asp149, and Asp157, and the sidechain of one of two tryptophan residues of LA4 gradually move on the NMR spectra upon addition of B2GPI, suggesting that these residues are close to the binding interface in the complex. The chemical shifts observed in the current studies reflect only the beginning of titration. We could not follow the titration to saturation because of the line broadening. In our experiments, only a few resonances of 15 N-LA4 are shifted when titrated with B2GPI. Similarly, when the LA pair of modules from LRP was titrated with RAP Domain 1 only a few residues of the 15 N-labeled LA pair moved on the spectra. 26 The measured values of the R2 relaxation rates of the backbone amides of Leu143, Asp147, Asp149, and the sidechain of the same tryptophan residue are affected the most by the presence of B2GPI. In the RAP/LA3-4 complex, the sidechains of Asp147, Asp149, Asp151, and Trp144 from LA4 form the binding pocket for RAP. 24 Our NMR data strongly suggests that LA4 binds B2GPI and RAP in a similar fashion.
Since the binding site for the lipoprotein receptors was localized to domain V of B2GPI, 8,15 we used domain V to build a model of the complex between B2GPI-DV and LA4. The molecular docking program PIPER was used to calculate the structure of the complex without introducing any a priori information about the binding interface into the docking process. We selected a central structure of the most populated cluster and refined it with CHARMM. In the model, Lys308, Lys282, and Lys317 from B2GPI-DV form hydrogen bonds with the calcium coordinating residues of LA4. The docking model independently confirmed the binding interface of LA4 around the calcium coordinating residues, which is in agreement Figure 4 Interface between B2GPI-DV and LA4 in the B2GPI-DV/LA4 complex. (A) Overview of the structure shown in stereo. The backbone trace of B2GPI-DV is green, LA4 is blue. The disulfide bonds are shown as sticks and the calcium ion is a gray sphere. Hydrogen bonds between residues in the contact interface of the complex are shown by dashed yellow lines. (B) Electrostatic complementarity. Surface representations of B2GPI-DV and LA4 are colored by electrostatic surface potential using a sliding scale from red (285 kT) to blue (85 kT). The backbone ribbon trace is shown in gray. Bound calcium ion on LA4 is illustrated by yellow sphere. Vacuum electrostatics was calculated by PyMOL without accounting for the calcium ion.
with our NMR measurements. The analysis of the NMR data predicted that Leu143, Ala145, Asp147, Asp149, and one of tryptophans of LA4 are in the close proximity to the binding interface [ Fig. 4(A) ]. The model of the complex supports these observations. As expected, there is only one tryptophan of LA4, Trp144, in the binding interface. The second tryptophan of LA4, Trp159, is far from the contact site of the complex. The C-terminus of LA4 in the complex is distant from the interface in agreement with the NMR data that indicates that the C-terminus remains flexible in the complex and does not interact with B2GPI-DV.
In our docking model of the LA4/B2GPI-DV complex, LA4 interacts with B2GPI-DV by the sidechains. Therefore, the chemical shifts of the backbone resonances detected by the spectra are not expected to be large. A small contact interface and binding predominantly by the sidechains is seen in the available crystal structures of the LA complexes. 24, 29, 31 Interactions of the LA modules with different ligands studied by NMR manifested in relatively small shifts of the observed backbone resonances of the LA modules. When the 15 N-labeled LA module from LRP was titrated to saturation with a receptor-binding domain from a2-macroglobulin, none of the perturbations on the 15 N-LA spectra were large. 23 The mode of interaction between B2GPI-DV and LA4 in the docking model of the B2GPI-DV/LA4 complex strongly resembles that observed in the crystal structure of RAP/LA3-4. 24 In particular, Lys308 is inserted into the pocket created by the negatively charged sidechains of three calcium coordinating aspartates. These aspartates encircle Lys308 to form salt bridges with the e-amino group of the lysine sidechain. The sidechain of Trp144 packs against the aliphatic portion of Lys308. The arrangement of sidechains around Lys308 and the resulting hydrogen bond geometry is similar to that observed for Lys256 of RAP entrapped by the calcium coordinating aspartates of LA4 in the RAP/LA3-4 complex. Two other lysines in the vicinity of Lys308, Lys282, and Lys317, augment the positive electrostatic potential created by Lys308. As in the RAP/LA3-4 structure, these lysines additionally stabilize the B2GPI-DV/LA4 complex, forming the salt bridges with carboxylate oxygens of Asp149 and Asp151.
According to our docking model, the binding interface of the B2GPI-DV/LA4 complex is close but not identical to the phospholipid-binding regions on B2GPI-DV. 45, 46 Therefore, mutations in the hydrophobic loop of B2GPI-DV will not affect the binding of B2GPI to the lipoprotein receptors. Indeed, a binding study utilizing a B2GPI mutant with Ser for Trp316 substitution in the hydrophobic phospholipids insertion loop, which is important for the binding of B2GPI to phospholipids, demonstrated that this mutation did not disrupt the binding between B2GPI and ApoER2. 8 In our model, Trp316 of B2GPI-DV and the closest to it Pro150 of LA4 are 3.7 Å apart. Based on the model, the Trp316 to Ser mutation will increase the distance between this Ser and Pro150 of LA4 to about 7 Å . This mutation will not create any clashes or interfere with the existing contacts in the B2GPI-DV/ LA4 complex.
It was previously shown that the cyclic peptide CKNKEKKC corresponding to a positively charged loop between Cys 281 and Cys 288 of B2GPI-DV interfered with the binding of dimeric B2GPI-DV and ApoER2. 8 In the structure of the B2GPI-DV/LA4 complex, Lys282 and Lys317 of B2GPI-DV complement the interactions between Lys308 and the binding pocket on LA4. In the cyclic peptide, the relative orientation of the lysine residues is likely constrained in such a way that one of the lysines plugs into the calcium binding site of the LA modules similarly to Lys308 in the complex, precluding the interactions between ApoER2 and B2GPI. Other lysines contribute an additional positive potential. The scrambled cyclic peptide EKCKNKCK, which forms a tighter turn between the two cysteins, was less efficient in inhibiting these interactions, suggesting that the relative orientation of lysine sidechains is important for the binding of the LA modules.
Although the cyclic peptide can bind the LA module, our docking results indicate that it is very unlikely that the lysines from the loop between Cys281 and Cys288 of B2GPI-DV form the main contact site in the B2GPI-DV/ LA complex. Out of the 1000 low energy structures clustered with 9 Å RMSD of the backbone atoms in the interface of the complex, only the third cluster with 123 structures in it (compared to 297 structures in the most populated cluster) represented a model with Lys287 of B2GPI-DV pointing into the binding pocket on the LA module.
In the complex, the contact interface is 392 Å , 2 which is comparable to the contact area of the individual LA modules observed in the crystal structures of the lipoprotein receptors and their ligands. 24, 29, 31 The binding affinity in the protein complexes with a similar contact area is usually weak. 23 We estimate that the affinity of a single LA4 for B2GPI is in the range from low mM to lM, since two LA modules bind ligands with low lM to nM affinity. [47] [48] [49] It is typical for the lipoprotein receptors to use at least two LA modules to interact with their ligands with high affinity, which is facilitated by the modular organization of their ligand-binding domains. 24,29,47-52 The B2GPI/antibody complexes and chimeric B2GPI dimers convert B2GPI into a multivalent ligand capable of binding several LA modules.
Recent structural studies revealed the mechanism used by the lipoprotein receptors in recognition of positively charged ligands. 24, 29, 31 In each of these structures, the binding site on the structurally unrelated ligands is centered around a lysine residue that sticks into the binding pocket on the LA module created by conserved calcium coordinating acidic residues. Our data suggests that the general mode of recognition of basic ligands by the LA modules is directly applicable to B2GPI complexes with the lipoprotein receptors. Therefore, the LA modules capable of binding B2GPI could be predicted based on the presence of the required acidic and aromatic residues in their primary sequence. According to our results, the LDLR has the least number of the LA modules that can bind B2GPI and these modules, LA3 and LA4, reside side-by-side in the ligand-binding domain of the receptor. Since the avidity plays a major role in the binding of ligands by the lipoprotein receptors, the small number of the LA modules available for the interactions may explain why the LDLR has the weakest binding to B2GPI/antibody complexes. 15 Distance between the two interacting LA modules may also be important for the efficient binding of B2GPI/antibody complexes.
In conclusion, we have shown that LA4 interacts with B2GPI in a similar fashion as observed in the high-resolution X-ray structure of the RAP/LA3-4 complex. The structure of the B2GPI-DV/LA4 complex reported in this paper is supported by three independent lines of evidence provided by NMR relaxation measurements, NMR titration studies and by molecular docking. Taken together, despite the experimental challenges associated with the large size of the full-length B2GPI, our results strongly support the presented structure of the complex. The model identifies three lysine residues of B2GPI-DV critical for binding the lipoprotein receptors. We are now working to confirm the model by side-directed mutagenesis of the identified Lys 282, Lys 308, and Lys 317.
